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We  describe  natural  variants  of the  heat  stable  toxin  (STa)  produced  by  enterotoxigenic  Escherichia  coli
(ETEC) isolates  collected  worldwide.  Previous  studies  of  ETEC  isolated  from  human  diarrheal  cases  have
reported  the  existence  of three  natural  STa gene  variants  estA1, estA2  and  estA3/4  where  the  ﬁrst  variant
encodes  STp  (porcine,  bovine,  and  human  origin)  and  the  two  latter  ones  encode  STh  (human  origin).
We  identiﬁed  STa sequences  by  BLASTn  and  proﬁled  ST  amino  acid polymorphisms  in a collection  of  118
clinical  ETEC  isolates  from  children  and  adults  from  Asia,  Africa  and,  Latin  America  that  were  characterized
by whole  genome  sequencing.  Three  novel  variants  of  STp  and  STh  were  found  and  designated  STa5  and
STa6,  and STa7,  respectively.  Presence  of  glucose  signiﬁcantly  decreased  the  production  of STh and  STp
toxin variants  (p < 0.05)  as  well  as  downregulated  the  gene  expression  (STh:  p <  0.001,  STp:  p < 0.05).  We
found  that the  ETEC  isolates  producing  the  most  common  STp  variant,  STa5,  co-expressed  coli surface
antigen  CS6  and  was  signiﬁcantly  associated  with  disease  in  adults  in  this  data  set  (p  < 0.001).  Expression
of  mature  STa5  peptide  as well as  gene  expression  of  tolC,  involved  in ST  secretion,  increased  in response
to  bile  (p <  0.05).  ETEC  expressing  the common  STh  variant  STa3/4  was  associated  with  disease  in  children
(p  <  0.05).  The crp  gene,  that positively  regulate  estA3/4  encoding  STa3/4,  and  estA3/4  itself had  decreased
transcriptional  levels  in  presence  of  bile. Since  bile  levels  in  the intestine  are  lower  in children  than  adults,
these  results  may  suggest  differences  in pathogenicity  of  ETEC  in  children  and  adult  populations.
© 2016  The  Author(s).  Published  by  Elsevier  GmbH.  This  is  an open  access  article  under  the  CC. Introduction
Enterotoxigenic Escherichia coli (ETEC) is a major cause of acute
ecretory diarrhea. ETEC is often referred to as the cause of trav-
llers’ diarrhea, as well as being one of the major causes of diarrheal
isease in children from developing countries (Qadri et al., 2005).
TEC isolates secrete either one or both of two major toxins; the
eat-labile (LT) and the heat-stable (ST) toxin. The LT is a hexam-
ric, strongly immunogenic protein consisting of one A subunit and
ve B subunits, while ST is a non-antigenic, low-molecular-weight
eptide (Qadri et al., 2005). Two classes of STs can be distinguished
y structure and function: the methanol soluble, protease resis-
ant and guanylyl cyclase C (GC-C)-binding STa and the methanol
nsoluble and protease sensitive STb. The 48-amino acid peptide,
∗ Corresponding author at: Department of Microbiology and Immunology,
ahlgrenska Academy, University of Gothenburg, Box 435, 40530 Gothenburg,
weden.
E-mail address: enrique.joffre@ki.se (E. Joffré).
ttp://dx.doi.org/10.1016/j.ijmm.2016.05.016
438-4221/© 2016 The Author(s). Published by Elsevier GmbH. This is an open access ar
d/4.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
STb has been shown to cause disease in cattle, but not in humans
(Weiglmeier et al., 2010). There are two  related and genetically dif-
ferent types of STa, known as STp and STh, present in human ETEC
isolates. STp is produced by ETEC isolates of bovine, porcine and
human origin and is composed of 18 amino acids, whereas, STh
is composed of 19 amino acids and only found in ETEC isolated
from humans (Bölin et al., 2006; Nair and Takeda, 1998). The STa
genes (estAs) encoding both STp and STh are translated to a precur-
sor of 72 amino acid residues, containing a pre signal peptide, a pro
sequence, and the carboxy-terminal enterotoxin (Weiglmeier et al.,
2010 Yamanaka and Okamoto, 1996). The polypeptide is translo-
cated across the inner membrane to the periplasm via the signal
peptide, which is cleaved by a SecA-dependent export pathway.
Although the role of the pro sequence is unclear, substitutions
at certain amino acids of the pro peptide lead to changes in the
translocation efﬁcacy of STa (Weiglmeier et al., 2010 Yamanaka
and Okamoto, 1996). The pro peptide is cleaved off in the periplasm
where subsequently disulﬁde bonds have been suggested to be cat-
alyzed by DsbA, a periplasmatic disulﬁde oxidoreductase (Bardwell
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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t al., 1991; Yamanaka et al., 1997), although the role of DsbA has
een debated by others (Batisson and der Vartanian, 2000). The
esulting mature STa toxin is efﬁciently secreted into the milieu
hrough the TolC channel (Yamanaka et al., 2008).
STa causes diarrhea by binding to a speciﬁc receptor, GC-C, local-
zed on the brush border membrane of intestinal cells that lead to
ncreased intracellular formation of cyclic GMP  (cGMP) (Gazzano
t al., 1991; Weiglmeier et al., 2010). Increased cGMP triggers
ignaling cascades causing activation of cGMP-dependent protein
inase II (PKGII) that promotes stimulation of Cl− secretion into
he lumen by phosphorylation and activation of the cystic ﬁbrosis
ransmembrane conductance regulator (CFTR). Another pathway is
KGII-independent, STa-induced inhibition of phosphodiesterase
 (PDE3) causes accumulation of cAMP followed by activation of
rotein kinase A, which activates CFTR (Weiglmeier et al., 2010).
Early descriptions of members of the STa family reported the
xistence of four estA variants from different ETEC isolates (estA1,
stA2, estA3 and estA4) (Chan and Giannella, 1981; Takao et al.,
983b; Thompson and Giannella, 1985). The ﬁrst variant to be
escribed was estA1 that translated to a peptide of 18 amino acids
n length and was puriﬁed from E. coli strain 18D from an infant
ith diarrhea. Amino acid sequence analysis of this ST showed
dentical characteristics to porcine STp, although the strain was
solated from a human patient (Chan and Gianenella, 1981; Takao
t al., 1983a). Later, Thompson and Giannella (1985) corrected
he amino acid composition of estA1 encoding STp. Other authors
eported three additional STa variants with 19 amino acid residues
n the mature toxin which all were STh (estA2, estA3 and estA4)
Guzman-Verduzco and Kupersztoch, 1989a; Moseley et al., 1983).
uzman-Verduzco and Kupersztoch (1989b) reported that two
ariants, encoded by the estA3 and estA4 genes, were identical,
educing the number of STh variants to two, hereafter designated
Ta2 and STa3/4.
It is known that when E. coli bacteria reside inside the host,
hey are able to sense environmental factors and respond to them
y turning on/off sets of genes in favor of survival (Cases and de
orenzo, 2005). For pathogenic strains, such as ETEC, it has been
hown that speciﬁc host conditions might promote or disfavor bac-
erial virulence. For example, in vitro studies have demonstrated
hat ETEC is responding to presence of glucose in a catabolite
epression protein (CRP)-dependent manner. STh secretion has
een reported to be down-regulated in the presence of glucose and
orrespondingly positively regulated by CRP (Bodero and Munson,
009; Haycocks et al., 2015), while the opposite has been reported
or STp (Haycocks et al., 2015). CRP and glucose regulations of LT
re less clear, since it has been reported that CRP can repress LT
ene expression (Bodero and Munson, 2009; Gonzales et al., 2013;
aycocks et al., 2015) while secretion of LT is upregulated by CRP
Gonzales et al., 2013). Moreover, down-regulation of crp increased
xpression of eltAB encoding LT in some strains but not in others
Kansal et al., 2013). CRP regulation has also been shown to be inde-
endent of CRP binding sites in the LT promoter indicating a more
omplex and indirect regulation of LT (Haycocks et al., 2015; Joffre
nd Sjöling, 2016).
Another host factor that may  affect the virulence of enteric
athogens is bile. Several studies have shown that bile could induce
xpression of different virulence markers in several pathogenic
acteria. For example, bile activates cholera toxin (CT) expression
n Vibrio cholerae (Hung and Mekalanos, 2005), and induces expres-
ion of speciﬁc colonization factors and ST in ETEC (Nicklasson et al.,
012; Sahl and Rasko, 2012; Sjoling et al., 2007). In this study we
sed a previously reported set of whole genome sequenced ETEC
solates (von Mentzer et al., 2014) and searched for variants of STh
nd STp, respectively. We  also studied the effect of glucose and
ile on the gene expression, and protein level of ST produced by
ifferent ETEC isolates and found that there are novel amino acidcal Microbiology 306 (2016) 586–594 587
variants of the STa family that respond differently to environmental
cues such as bile.
2. Methods
2.1. Genomes and ETEC strains tested
The bacteria and genomes of 118 ST-expressing ETEC strains
isolated from indigenous children, adults in endemic areas, trav-
ellers, and soldiers were analyzed. The strains belonged to a
previously published collection of 362 whole genome sequenced
ETEC strains (von Mentzer et al., 2014) and were used for
nucleotide sequence extraction of STp and STh sequences, using
the GenBank accession numbers M58746.1 and M18345.1, respec-
tively. The ST ETEC strains were collected over a period of 31
years (1980–2011), worldwide (Argentina, Bangladesh, Bolivia,
China, Egypt, Guatemala, Indonesia, Japan, Mexico, Morocco and
Thailand). The strains were characterized as described in previous
publications (Sjoling et al., 2007; von Mentzer et al., 2014). Out of
the 118 ST positive ETEC, 47 representative strains with different
STa variants were further analyzed for gene expression and ST pro-
duction in this work (Supplemental Table S1 in the online version
at DOI: 10.1016/j.ijmm.2016.05.016).
2.2. Identiﬁcation of ST variants and phylogenetic analysis
The ST sequences of 219 nucleotides, and the promoter regions,
were obtained from the whole genome sequences and aligned using
ClustalW. For the phylogenetic analysis, the inferred amino acid
sequences were translated using MEGA 5.2.2 and the reference
sequences of the corresponding STa variants: STa1 (GenBank acc.
No. M58746.1), STa2 (GenBank acc. No. M18345.1), STa3 (GenBank
acc. No. M18346.1), and STa4 (GenBank acc. No. J03311.1). The phy-
logenetic analysis was  accomplished using a neighbor-joining tree
of the deducted amino acid sequence encoded by estA genes from
118 ST ETEC isolates, showing the bootstrap values by means of the
MEGA 5.2.2 package.
2.3. Growth conditions
The forty-seven selected ST-expressing ETEC isolates were cul-
tivated overnight on Luria-Bertani (LB) medium agar (10 g/liter
tryptone, 5 g/liter yeast extract, 10 g/liter NaCl, 1,5% agar) plates
at 37 ◦C. A single colony was picked and grown in a starting culture
of three ml  LB (10 g/liter tryptone, 5 g/liter yeast extract, 10 g/liter
NaCl, pH = 7.5) at 37 ◦C, with shaking (200 rpm), for 3 h. In total, 107
bacteria of the start culture were added to experimental media con-
taining CFA medium (1% casamino acids [Difco, Becton Dickinson,
Sparks, MD], 0.15% yeast extract [Difco, Becton Dickinson, Sparks,
MD], 0.41 mM MgSO4, 0.04 mM MnCl2, pH 7.4.]) and CFA medium
supplemented with either glucose (0.2% w/v), or bile (0.15%). Once
the culture reached an OD600 = 0.3, 108 bacteria were incubated in
RNAprotect (Qiagen, Germany) for 5 min. The samples were cen-
trifuged at 10,000 rpm for 10 min. The resulting bacterial pellet was
frozen at −70 ◦C for RNA isolation.
2.4. GM1 ELISA
Concentrations of produced ST were determined by an inhibi-
tion GM1-ELISA assay. Brieﬂy, after 3 h culture at 37 ◦C with shaking
in CFA medium only, CFA medium with glucose, or CFA medium
with bile, 1 ml  was collected to perform inhibition GM1-ELISA as
previously described (Svennerholm et al., 1986).
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Table  1
List of primers used in this study for Real time RT-PCR.
Gene Forward primer Reverse primer Reference
cya CTAATGCCGGGTTACCTTGA GGCGGATCCTGTACTGACAT This study
crp  TACAGCGTTTCCGCTTTTTC AAACAGACCCGACTCTCGAA This study
tolC  AAGCCGAAAAACGCAACCT CAGAGTCGGTAAGTGACCATC Swick et al. (2011)
arcA CTCTCAGGCAGCTTAGCCCTAA TGCAGAGGTTCAGTTTTGACTGTT Swick et al. (2011)
Table 2
Characteristics of ST variants.
ST type ST variant No. (%) ETEC isolates Toxin proﬁle CF proﬁle
STp (n = 28) STa1 2 (1.7) LT/STp, STp CS4 + CS6
STa5  23 (19.5) STp CS6
STa6  3 (2.5) LT/STp, STp CS12
STh  (n = 90) STa2 20 (17.0) LT/STh, STh CFA/I, CFA/I + CS21, CS6
STa3/4  67 (56.8) LT/STh, STh CFA/I, CS1 + CS3, CS1 + CS3 + CS21, CS14, CS2 + CS3,
CS2 + CS21, CS2 + CS3 + CS21, CS21, CS23, CS3 + CS21,
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.5. RNA extraction
The RNA was extracted by the RNeasy Kit (Qiagen, Germany)
nd treated with DNAse by the DNAse Amp  grade kit (Invitro-
en, Carlsbad, CA). The concentration of the RNA was  measured
t 260/280 nm and by gel electrophoresis in 1% agarose gels. The
NA samples were stored at − 70 ◦C until used.
.6. RT-PCR
The cDNA was prepared from 600 ng RNA from each sample
sing the QuantiTect cDNA kit (Qiagen, Germany). The ﬁnal vol-
mes of the cDNA sample and the −RT controls were 20 l and
oth were stored at −20 ◦C until analysis. Real time RT-PCR was  per-
ormed using primers speciﬁc for STp and STh (Rodas et al., 2009)
nd primers for crp,  cya, arcA and tolC (Table 1). The program for real
ime RT-PCR was run in 20 l reactions using standard conditions
or the ABI 7500 (Applied Biosystems Foster city, CA, USA), with
0 ng cDNA, 8 pmol of each primer and 10 l Power SYBR®Green
CR Master mix  (Applied Biosystem, USA). The levels of transcripts
ere normalized against expression in CFA medium.
.7. Statistical analyses
PRISM 6 was  used for analysis of expression the estA alleles
nd toxin variants. The Wilcoxon matched pair; nonparametric test
as used to calculate signiﬁcant differences between culture in
FA medium only, and either CFA + glucose, or CFA + bile medium.
-values <0.05 were considered statically signiﬁcant.
. Results
.1. Association between ST variants and colonization factors in
linical ETEC isolates
Of the 118 ST-producing ETEC isolates studied, 90 expressed
Th (86.3%), and 28 (14.7%) STp. Among the STh-ETEC isolates, 54
60%) expressed both LT and STh, while 36 (40%) expressed only
Th. Amongst the STp positive isolates 5 (18%) expressed LT and
Tp and 23 (82%) expressed STp only. The isolates harbored a wide
ange of CFs and the most common ones were CS6 (n = 26), CS5 + CS6
n = 24), CFA/I (n = 18) and CS1 + CS3 + CS21 (n = 16) (Table 2).CS5 + CS6, CS6
STh CS6, CS6 + CS21
A 219-nucleotide sequence encoding the polypeptide estA was
extracted from the whole genome sequences of the 118 selected
ST-producing ETEC isolates and used to predict the amino acid
sequence. Analysis of the genetic diversity of the amino acid
sequence was conducted using a deﬁned 72-amino-acid residue
precursor: a 19-amino-acid peptide (Pre) followed by 34 or 35
amino acids (Pro) which precede the 18- or 19-amino-acid mature
extracellular toxin (ST). Since some natural variants of STa have
been reported in previous studies (Dallas, 1990; Guzman-Verduzco
and Kupersztoch, 1989a; So and MacCarthy, 1980), we  were inter-
ested to analyze for the possible existence of additional variants of
STa in our set of 90 and 28 ETEC strains expressing STh and STp,
respectively. A fragment of 72 amino acids from each ETEC iso-
late was compared with the available reference sequences for STa1
(STp), STa2 and, STa3/4 (STh) (see Methods) belonging to the pre-
viously reported ST variants. We  compared our 28 STp sequences
against the STa1 sequence and the STa2 sequence against the 90
STh sequences. The analysis showed that totally six different ST
variants, including three novel types, were identiﬁed from our
collection. Among the STh variants, the previously described vari-
ants STa2 (n = 20) and STa3/4 (n = 67) represented the majority of
our set of STh isolates. A new STh variant was  found, which has
been denominated as STa7 (n = 3). STa7 was present in isolates
expressing CS6 with or without CS21. Among the STp variants
the previously described STa1 type was present in two  isolates.
Both isolates were LTSTp strains expressing the colonization fac-
tors CS4 + CS6. There is no previous description of variants of STp
but in the present study, three variants of the porcine type were
identiﬁed, two  of them (STa5 and STa6) were novel. STa5 was  the
most frequent (n = 23), followed by STa6 (n = 3). STa5 was  present in
strains expressing CS6 while STa6 was  present in strains expressing
CS12 (Table 2).
3.2. Phylogenetic comparison of ST variants
Comparison of the predicted amino acid sequences of the ST
variants revealed more polymorphisms in STh than in the STp vari-
ants (Fig. 1). The STh variants displayed 6 polymorphic sites, all of
them within the pro region. STa3/4 and STa7 sequences were iden-
tical except for two amino acid replacements at position 49: Gly
(STa3/4) and Asp (STa7). No polymorphisms were discovered in
the sequences encoding the extracellular mature toxin (ST). In the
E. Joffré et al. / International Journal of Medi
Fig. 1. Comparison of inferred amino acid sequences of STh, ST and their variants
among the ETEC isolates expressing ST. STa1 and STa2 sequences have been used as
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epresent conserved amino acid sites. The sequence colored with gray represent the
ature region of the ST toxins.
Tp variants a single amino acid difference was found between the
Ta1 sequence and the STa5 sequence (P16S) as well as between
he STa1 and the STa6 sequence (V12I) within the pre region.
A phylogenetic tree was made based on the 72-amino acid
equence in order to get an insight into the phylogenetic rela-
ionship between the STa variants (Fig. 2). STh and STp isolates
lustered individually (cluster A and cluster B). The most common
Th variant, STa3/4 was closely related to STa7 while STa2 was  more
ifferent. The ST variants STa2 and STa3/4 also co-expressed LT.
owever, the three STa7 ETEC isolates only expressed STh. Amongst
he STp variants, all STa5 isolates were only expressing STp, while
TEC expressing STa1 and STa6 variants co-expressed LT (Fig. 2).
Since the STa2, STa3/4, and STa6 isolates co-express LT we  eval-
ated whether there was an association between type of ST variant
nd LT variants (Joffre et al., 2015) to determine any association.
his analysis revealed that the most frequent LT variant, LT1 was
ound in STa3/4 strains, while LT2 was expressed in both STa2 and
Ta3/4 strains. Also, the LT18 and LT20 variants (Joffre et al., 2015)
ere identiﬁed in STa6 and STa3/4 strains, respectively.
.3. The novel STa5 variant is associated with disease in adults
hile STa3/4 is more frequently found in ETEC causing diarrhea in
hildren
By applying patient data to the estA variants we  found a signiﬁ-
ant correlation between expression of STa5 and disease in adults
ompared to children below ﬁve years of age (p < 0.001). However,
TEC isolates expressing STa3/4 were more prevalent in ETEC iso-
ated from children with diarrhea (p < 0.05) (data not shown).
.4. STh and STp variants are down-regulated by glucose but
ifferentially regulated by bile
In order to investigate whether different host factors (i.e. glucose
nd bile) might inﬂuence ST variant expression and production,
e selected 47 representative strains expressing all ST variants
nd grew them in the presence of glucose or bile, to test for
T production and gene expression by inhibition GM1-ELISA and
eal-time RT-PCR assays, respectively. Signiﬁcantly, higher produc-
ion of mature STh compared to STp was found during growth incal Microbiology 306 (2016) 586–594 589
CFA medium (p < 0.05). Growth in presence of glucose signiﬁcantly
reduced production of both mature STh and STp (p < 0.001) while
addition of bile increased toxin levels of STp (p < 0.05) but not of
STh (Fig. 3a). When the data was  broken down to the most preva-
lent ST variants, STa2 (STh), STa3/4 (STh) and STa5 (STp) (Fig. 3b),
the glucose-induced repression was observed for all variants. The
production of STa2 was higher compared to the other common
STh variant STa3/4. Analysis of the corresponding gene expression
levels by real-time RT-PCR conﬁrmed that glucose represses tran-
scription of estA2, estA3/4 and estA5 (Fig. 3c and d). Although bile
increased production of STp (Fig. 3a) and particularly STa5 (Fig. 3b),
the gene expression levels did not change signiﬁcantly (Fig. 3c and
3d). On the contrary, bile decreased expression of the estA2 estA3/4
and estA7 genes encoding STh (Fig. 3c) but not the mature STh toxin
(Fig. 3a). When analyzing the STh allele gene variants separately,
a signiﬁcant down-regulation of estA3/4 transcripts was  found in
the presence of bile. This was  not observed for the other STh variant
STa2 and was  not reﬂected in production of mature STa3/4 (Fig. 3b).
3.5. Crp gene expression is down-regulated in STa3/4 ETEC
strains exposed to bile
Since strain speciﬁc differences in crp regulation of ST have been
reported previously the promoter regions were analyzed. We found
no polymorphisms in the nucleotide sequence of the CRP binding
sites at the promoter region of estA1 and estA2 or estA3/4 genes. The
UP elements of our examined strains differed in one or two  adeno-
sine nucleotides compared to the previously described PestA2 and
PestA1 (Haycocks et al., 2015) (Supplemental Fig. S1 in the online
version at DOI: 10.1016/j.ijmm.2016.05.016).
Expression of the cya gene that encodes the adenylate cyclase
which produces cAMP and the transcription factor crp were ana-
lyzed by real time RT-PCR. Cya gene expression did not show any
difference in the expression levels between ST variants in presence
of bile while crp expression levels were diminished in STa3/4 strains
(p < 0.001) by adding bile into the media. (Fig. 4a and b).
3.6. TolC gene expression is increased in STa5-expressing ETEC in
presence of bile
In addition, we  evaluated the expression levels of some genes
involved in the secretion of ST such as tolC and arcA, which encode
the outer-membrane channel TolC, and the periplasmic protein
ArcA that forms the AcrAB-TolC efﬂux pump that transports ST
through the outer membrane. Our data showed that expression
levels of the tolC gene was  signiﬁcantly increased (p < 0.05) in
STa5 strains in the presence of bile in contrast to STa2 and STa3/4
expressing strains. No signiﬁcant differences were found for arcA
(Fig. 4c and d).
4. Discussion
In the present study, the genetic variability of STa was
investigated by identifying natural polymorphisms among ETEC
isolates collected worldwide and over three decades. Earlier
nucleotide-sequencing studies of the STa gene have reported the
existence of heterologous genes from ETEC isolates expressing STh;
while such heterogeneity was  not investigated in ETEC isolates
expressing STp. Here, we  report 3 novel natural alleles of STa, one
among STh expressing isolates, and two  among STp expressing iso-
lates. The ﬁrst variant of STp (STa1) was  described already in 1981
but the most common STp variant, STa5, is described for the ﬁrst
time in this study. We found that ETEC expressing STa5 (in this
set of isolates) were signiﬁcantly associated with disease in adults
and travellers and that secretion of this ST variant was increased in
response to bile. The STh variant STa3/4 was more often found in
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dig. 2. Phylogenetic relationship of ST strains using Neighbor-Joining method. Analy
mino acid sequence of ST. The numbers on individual branches indicate the perce
olor.
trains infecting indigenous children than adults, and STa3/4 was
ound to be downregulated at the transcriptional level in response
o bile.
Changed amino acid residues of the pre and pro regions might
lay a role in the translocation of the mature protein across
he inner membrane and alter the efﬁcacy of toxin translation
Yamanaka and Okamoto, 1996). Studies have shown that amino
cid substitutions at position 29–31 and 37–38 within the pro
egion signiﬁcantly affected the maturation pathway of STp and
ltered the enterotoxicity (Yamanaka and Okamoto, 1996). Our
ata showed that in particular, the regions between position 27–35s carried out using Neighbor from the MEGA 5.2.2. package with data from inferred
 support from 1000 bootstrap replicates. The ST alleles are labeled with a different
and 37–39 were conserved between STp and STh sequences; how-
ever amino acid changes at position 36, 42, 45 and 49 might have
minor effect in the translocation efﬁcacy of ST leading to confor-
mational changes and decreasing the recognition of processing
enzymes in the periplasm prior secretion. Also, alteration of amino
acids with negative charge near to position 30 was shown to be
involved in facilitating translocation of ST through the inner mem-
brane as a consequence of the membrane electrical potential (Geller
et al., 1993). In our strains the charge near this domain was not
changed.
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Fig. 3. ST production and expression in presence of glucose and bile. STh (STa2 and STa3/4) and STp (STa5) were grown in CFA only (red) and CFA enriched with glucose
(0.2%  w/v) (blue) or bile (0.15% w/v) (green). The ability of the glucose and bile to induce or inhibit ST production in supernatants of overnight cultures of STh (n = 32) and STp
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Cn  = 15) strains (a), and subsequently of strains expressing STh alleles: STa2 (n = 14)
RNA  was quantiﬁed by qRT-PCR for STh (n = 29) and STp (n = 14) strains (c) and f
igniﬁcance was calculated by Wilcoxon matched pairs test. *: P < 0.05; **: P < 0.05;
The novel ST variants STa5, STa6 and, STa7 as well as the pre-
iously reported variants STa1, STa2 and STa3/4 were associated
ith speciﬁc CF proﬁles. Together with recent data on ETEC phylo-
enetic lineages (von Mentzer et al., 2014) as well as LT variants in
hese strains, (Joffre et al., 2015) these ﬁndings suggest that plasmid
ncoded toxin and CF genes were acquired once by a progenitor
train that then expanded clonally. Such events have occurred at
everal occasions and resulted in several successful ETEC lineages
ith global dissemination (von Mentzer et al., 2014).
Several of the ST variants are associated with such globally dis-
ributed lineages, for instance STa1 is found in LTSTp CS4 + CS6
trains (sequence type 10), STa2 is found in two  common lineages
ncoding LTSTh CFA/I (CS21) (sequence type 173) and STh CFA/I
sequence type 2332) and in few strains expressing CS6. The most
idespread ST variant, STa3/4 is present in several of the most
ommonly identiﬁed lineages, including isolates expressing LTSTh
S5 + CS6 (sequence type 443) which was the most common ETEC
ype identiﬁed in Bangladesh between 2007 and 2012 (Begum et al.,
014). STa3/4 is also expressed by two large clonally related ETEC
ineages expressing LTSTh CS1 + CS3 (mainly sequence type 2353),
nd LTSTh CS2 + CS3 (sequence type 4). These virulence proﬁles are
mong the most common isolates from diarrheal cases worldwide
Isidean et al., 2011; Qadri et al., 2005; Wolf, 1997). Finally, the
ovel variant STa5 was  only found together with the CF CS6. STp
S6 strains belong to several successful lineages (sequence types/4 (n = 15) and STa5 (n = 12) (b) using inhibition GM1-ELISA. Expression of ST toxin
ins with STh alleles: STa2 (n = 12), STa3/4 (n = 15) and STa5 (n = 14) (d). Statistical
 0.01; ****: P < 0.001. The median values are indicated in the ﬁgure.
182, 316, and 398) with global distributions (Nicklasson et al., 2010;
von Mentzer et al., 2014).
We found that STa3/4 (STh) producing strains were associated
with disease in children while STa5 (STp) strains were associated
with disease in adults. Strains presumed to express STa3/4 due
to their CF proﬁle have been associated with disease in children
(Begum et al., 2014; Isidean et al., 2011; Mansour et al., 2014).
Strains expressing STp CS6 were more frequently detected in adults
compared to children in Egypt (Nada et al., personal communi-
cation) and in Guatemala (Torres et al., 2015). Interestingly STp
strains have been proposed to be less virulent in studies in chil-
dren (Steinsland et al., 2010) and ST CS6 strains were not isolated
from children hospitalized for ETEC diarrhea in indigenous chil-
dren in Guatemala (Torres et al., 2015). These results were also
supported by a report on global ETEC epidemiology that found that
CS6-only strains were signiﬁcantly more frequent in travellers than
in endemic populations (Isidean et al., 2011). The results suggest
that STa5 CS6 isolates might have reduced virulence in indige-
nous children but prone to cause disease in indigenous adults and
travellers.
We were interested in determining putative differences in reg-
ulation between the most common STa variants STa2 (STh), STa3/4
(STh) and STa5 (STp) that could explain the epidemiological results.
When we examined the ability to form mature ST toxin and the
expression of the respective genes during growth in CFA medium
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Fig. 4. Effect of bile on the transcriptional levels of tolC, cya, arcA and crp among ST variants. STh alleles: STa2 (n = 10), STa3/4 (n = 12) and STa5 (n = 14) were grown in CFA
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ith or without supplementation of host factors glucose and bile,
e observed several different responses. We  found that during
rowth in CFA medium ETEC expressing the STh variants STa2 and
Ta3/4 expressed signiﬁcantly more toxin than strains express-
ng STp. These results support a previous ﬁnding that optimal
xpression of estA1 (STp) was three fold lower than estA2 in strain
10407 (Haycocks et al., 2015). The production of STa2 was  signif-
cantly higher compared to STa3/4 and STa5 when we  analyzed the
hree major STa variants. Hence, ETEC isolates expressing STa2 (e.g.
ainly CFA/I positive strains) might produce more ST toxin than
ther strains; STa2 CFA/I is a common virulence proﬁle in ETEC iso-
ates collected globally from all patients groups (Begum et al., 2014;
onzales et al., 2013; Isidean et al., 2011).
Studies on virulence gene regulation of ETEC have so far been
erformed with the two major ETEC model strains H10407 (LTSTh-
Tp CFA/I), and E24337A (LTSTh, CS1 + CS3). These strains express
he STa2 + STa1, and STa3/4 variants respectively. The ETEC model
train E24377A has been used in several studies on ETEC gene reg-
lation. In E24337A estA3/4 (STh) was found to be up regulated
y addition of bile salts (Sahl and Rasko, 2012) but down regu-
ated by glucose and by cell contact (Kansal et al., 2013; Sahl and
asko, 2012). In a study by Haycocks et al. (Haycocks et al., 2015)
sing both H10407 and E24337A, STh but not STp was found to be
ositively regulated by the transcription factor CRP which is acti-
ated in absence of glucose. The -35 region of the promoter of estA1
STp) was suggested to be responsible for the CRP induced repres-
ion. This is contradictory to our results where glucose repressed
oth STp and STh, indicating positive regulation by CRP for both
oxin types. We  analyzed the nucleotide sequence of the pro-
oter region of STh and STp variants, and polymorphisms at the
ucleotide sequence were not identiﬁed neither at the CRP bind-p.  Statistical signiﬁcance was calculated by Wilcoxon matched pairs test. *: P < 0.05;
 interpretation of the references to color in this ﬁgure legend, the reader is referred
ing site nor the core promoter region containing the -35 and -10
element, however our strains varied slightly in the UP element com-
pared to the H10407 PestA1 and PestA2 promoters (Supplemental
Fig. S1 in the online version at DOI: 10.1016/j.ijmm.2016.05.016).
Most other studies of toxin regulation have been performed using
the reference strains H10407 and E24337A only, while we used a
wide range of ETEC isolates. This might explain the contradictory
results with respect to regulation of STp, which we suggest to be
inhibited in presence of glucose. Indeed, we found results that cor-
roborated results from earlier studies of H10407 and E24337A for
some strains, but the general trend was  transcript suppression of
both STp and STh by glucose. Our results suggest that there is a
strain variation in response to external cues that might modulate
virulence differentially. Further studies using crp mutants on clini-
cal isolates are needed to fully understand the impact of CRP of STp
regulation.
Bile is known to affect virulence expression in several
pathogens. Studies in V. cholerae have shown that the expres-
sion of both cholera toxin (ctxAB) and the major subunit of the
toxin-coregulated plus (tcpA) was drastically repressed, while
motility and porin production (OmpU and OmpT) were increased
by addition of bile in the media (Chatterjee et al., 2004). We  pro-
pose that the dependency of bile for higher expression of STa5, but
not STa2 and STa3/4, could provide a clue to the association of STa5
ETEC to adults and travellers while STa3/4 is associated with disease
in children, since the concentration of bile in the small intestine is
lower in children than in adults (Bourlieu et al., 2014). In addition,
bile induces outer membrane pore proteins such as TolC, which
has a crucial role to pump out hydrophobic compounds, such as
bile, from the bacteria. TolC is the outer membrane channel that
together with AcrA and AcrB, form the AcrAB-TolC efﬂux pump,
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egulated by the transcription factor Rob (Deininger et al., 2011). It
as been shown that overproduction of Rob and AcrAB-TolC may  be
ediated by bile salts (Rosenberg et al., 2003). It is also known that
olC mediates the translocation of ST toxin across the outer mem-
rane. We  conﬁrmed that bile increased tolC gene expression but
nterestingly only in STp-ETEC strains (STa5). This ﬁnding explains
he higher concentrations of secreted STp in the CFA media sup-
lemented with bile, and why the increase of STp secretion was
ot corroborated by the transcription analysis. On the other hand,
olC might also affect expression of virulence genes (Minato et al.,
011) by exporting cAMP, which in complex with CRP, upregulates
xpression of STh. We  analyzed if the gene expression of cya encod-
ng the cAMP producing adenylate cyclase was affected by bile but
ound no differences in any of the estA expressing strains. How-
ver, we found that addition of bile downregulated crp expression
n STa3/4 strains. This ﬁnding corroborates the low transcriptional
evels of estA3/4 during bile exposure.
Studies about the role of bile in virulence have shown a dual
ehavior with both up and down-regulation. In EHEC O157:H7, bile
own-regulated genes located in the locus of enterocyte efface-
ent (LEE) pathogenicity island as well as up-regulated genes
ssociated to iron scavenging and metabolism (Hamner et al.,
013). In Salmonella,  invasion genes were repressed by culture in
ile, leading to reduced capability to invade epithelial cells. Our
esults indicate that bile-dependent regulation differs between ST
ariants in ETEC, and we propose that bile favors STp secretion
hrough up-regulation of tolC but decrease estA3/4 gene expression
y down-regulation of crp.
In summary, pathogenic bacteria are able to sense different
oncentrations of bile and glucose in the gastrointestinal tract to
odule expression of their virulence factors in a spatio-temporal
ashion as a part of their pathogenic mechanism. We suggest that
he STp variant STa5 is more common in adults and travellers
ince isolates that express this variant of STa are able to secrete
igher levels of mature STa to the surroundings in response to
ncreased bile concentrations in the gut. Our results also indicate
hat a glucose-limited environment favors expression and secre-
ion of all STa toxins. This might suggest that STa strains are more
rone to cause diarrhea in the lower parts of the small intes-
ine where glucose levels decrease. In addition, our ﬁndings raise
he interesting question whether treatment of ETEC diarrhea with
ugar-salt solutions, such as ORS that contain glucose, decrease
iarrhea symptoms through transcriptional downregulation of the
stA genes in addition to restoring the electrolyte balance in the
ut. Our ﬁnding that variants of STa might respond differently to
ost factors present in the gastrointestinal tract provides additional
nowledge about ETEC pathogenesis.
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